Abstract. The transport of macromolecules across the nuclear envelope is mediated by the nuclear pore complex (NPC). Using cryo-electron microscopy and image processing we have mapped the interaction of three specific gold probes with the NPC and obtained projection maps of two possible intermediates in nuclear import. The probes used in these experiments were (a) mAb-414, which cross-reacts with Xenopus nucleoporins containing O-linked N-acetyl glucosamines; (b) wheat germ agglutinin, a transport inhibitor; and (c) nucleoplasmin, a transport substrate.
T HE nuclear envelope is comprised of two concentric membranes overlaying a network of intermediate illaments called the nuclear lamina and is penetrated by the nuclear pore complex (NPC) 1 at regions where the membranes are fused (reviewed in references 22, 37) . The NPC is ~1,450-1,500 A in diameter (2) and displays '~822 symmetry (2, 32, 48) . The pore complex is composed of two rings located at the level of the inner and outer nuclear membranes which frame a central spoke assembly (2, 32, 48) ; connected to the spokes at the center of the NPC is an assembly we describe as the transporter. This study focuses on the role played by the transporter in the binding and translocation of karyophilic (nucleus-seeking) proteins through the nuclear envelope.
A remarkable aspect of NPC-mediated transport, besides its bidirectionality, is the variety and size range of the molecules transported. The pore complex presumably contains sites for both passive and active nucleocytoplasmic transport (8, 39) and possesses a limiting pore size of "~90/~ for passive exchange (38) . Furthermore, the NPC appears to actively transl~, rt karyophilic gold particles with diameters of at least 260 A (14, 18) and large unrolled RNP particles (21, 45) . What sort of mechanism is capable of governing this process? A number of studies indicate that both the binding of a protein to the NPC and its transfer across the nuclear envelope are dependent on a nuclear localization signal (18, 35, 40) . Although there is no consensus sequence for the nuclear localization signal, the SV-40 large T antigen (29) (30) (31) and yeast histone 2B targeting signals (34) both contain essential lysine residues which, when mutated to nonbasic amino acids, greatly reduce the efficiency of the signal in transport (31, 43) . Moreover, recent work indicates that residues adjacent to the putative nuclear localization sequences of nucleoplasmin (NP) (9, 10) and SV-40 large T antigen (41) may play an important role in transport. The accumulation of proteins in nuclei appears to require energy (35, 36) and can be inhibited by wheat germ agglutinin 0VGA; 19) . Although RNA export also occurs through the NPC (14, 45) , the nature of RNA export signals is not yet known (46) . However, tRNA export like protein import is saturable and highly specific; a single base change in human tRNAm~ reduces export 20-fold (51) .
Recently, a family of ",,10 immunogenic NPC polypeptides, the nucleoporins, have been identified (5, 6, 26, 27) . Tight complexes form between WGA and the nucleoporins because they contain O-linked N-acetyl glucosamines (GlcNAcs; see 6, 26, 27) . Finlay et al. (19) have demonstrated that the accumulation of nucleoplasmin in WGA-treated rat liver nuclei is inhibited, even after extensive washing, when subsequently assayed in their in vitro assay. Furthermore, both protein import and RNA export are inhibited by a monoclonal antibody which recognizes members of the O-linked GIcNAc family of nucleoporins (17) . The O-linked GlcNAc-containing nucleoporins are likely therefore, to play a critical role in the nuclear transport process.
The mapping of macromolecular binding sites on the nuclear pore was contingent on the application of cryo-electron microscopy of frozen hydrated specimens (12) to the amphibian oocyte system (2) . We report herein on the positions within NPCs of the stable binding sites of mAb-414, WGA, and NP conjugated to colloidal gold. The binding sites of these thr,ee probes are localized at similar radii, between 100-125 A and are limited primarily to a central channel-like assembly in the NPC. In addition, the binding sites of WGA and NP may not be mutually exclusive as ascertained from both single and double label experiments, given the physical dimensions of these macromolecules. Furthermore, we have identified at least three distinct types of complex formed between NP-gold and the NPC transporter. We suggest that these complexes represent bound intermediates in a multistep nuclear import pathway. NP-gold may bind initially at multiple, circularly arrayed sites at the periphery of the closed transporter. NP-gold also binds directly over the center of the transporter in a docked configuration. Therefore, peripheral binding to the transporter may represent the staging or holding of excess substrate before docking. Finally, initial experiments suggest that the transporter undergoes a structural rearrangement during the translocation of bound substrate. In support of this hypothesis, we have obtained projection maps of NP-gold docked over the transporter and apparently in transit.
Materials and Methods

Probe Preparation and Microinjection
mAb-414, a mouse monoelonal antibody against a rat liver NPC-lamina fractiou (5), was a gift of L. Davis (Whitehead Institute, Cambridge, MA). WGA was obtained from Sigma Chemical Co., St. Louis, MO. NP was prepared from ooeytes of Xenopus/aev/s as described (15) , using a specific antibody column in the final step. The anti-NP was a gift of C. M. Feldherr (University of Florida, College of Medicine, Galnesville, FL). Colloidal gold sols were prepared using the white phosphorous method for small gold (40-60/~) and the tannic acid-citric acid method for larger gold sizes (100-150 ~ reference 7). Stabilized colloidal gold probes were prepared from mininlal amounts of coating agents and used fresh for all.experiments. For the antibody labeling experiments, oocytes from Necturus were chosen due to their better overnight storage properties at room temperature. Large oocytes, 2-3 mm in diameter were microinjected with appropriate volumes of mAb-414 to give final intraoocyte concentrations of 10-50 #g/ml. After incubation in situ for 12-16 h, the nuclei were manually extruded into Barths Solution (25) , rinsed, labeled with 50 A protein A-gold (Sigma Chemical Co.), and prepared for cryo-electron microscopy as described below. Freshly stabilized NP-gold probes were microinjected into Xenopus /aev/s oocytes near the midline and nuclei were manually extruded over a period of 15-60 rain. The uncleoplusm was clearly red, indicative of transport and this transport could be inhibited by coinjection of excess WGA. Controls to test the specificity of WGA-gold with Xenopus nuclei have been reported previously (19) . We found that addition of sugar solutions had a deleterious effect on the preparation of frozen hydrated membranes. However, we tested the efficacy of the probe with tissue culture cells exposed to either WGA-gold or WGA-gold and excess GIcNAc. The treated specimens were subsequently embedded, thin sectioned, and checked in the electron microscope. The WC, A-gold was found to hind specifically to the plasma membrane and was competed off by excess GIcNAc. Furthermore, Con A-gold showed no binding to regions of Xenopus nuclei with intact nuclear membranes.
Specimen Preparation and Cryo-electron Microscopy
Oocytes and nuclei were prepared as described previously (2) . Nuclei were subsequently incubated in appropriate solutions: WGA-gold for 3-5 min; NP-gold for 3-10 rain; and NP-gold in fresh oocyte extract mixture, 3-10 min. The nuclei were again rinsed by sequential transfer between adjacent drops of low salt buffers (48) and allowed to adhere to suitable electron microscopy support grids which had been previously glow discharged in amyl amine (13) . The nuclear envelopes were gently spread over the grid after splitting the nuclei ventrally with a fine, sharp glass needle. The specimens were blotted in a humidity chamber attached to a mechanical guillotine plunger and rapidly frozen in liquid N2-cooled ethane slush. Specimens were subsequently prepared for cryo-electron microscopy as described (2) .
Radial Histogram Distributions and Image Processing
Suitable micrographs as judged by the criteria of ice thickness, specimen preservation, clarity of labeling patterns, proper astigmatism and defocus, and lack of drift were densitometered at an aperture and step size of 25 #m on a Perkin-Elmer Corp. (Norwalk, CT) 1010A densitometer. Histograms of the radial distributions were carried out as follows. Previously selected and windowed NPCs were computationally dusted. This procedure consisted of replacing the gold densities in the images with random density values within the density limits of the particles. The images were then rotationally and translation,ally aligned for two to three cycles with SPIDER, a modular single particle image processing system (20) , with a radial weighting scheme which allowed the rotational alignments to be dominated by the strong features at high radius (i.e., the spokes and membrane border). The alignment parameters were then used to orient the original images with intact gold densities. The radial distances of individual gold probes were measured interactively on a 512 AED graphics screen with programs written for this purpose. The subsequent data were sorted into groups and are presented as histograms in Fig. 4 . The NP-gold datasets with centered probes were individually eightfold enforced and displayed on the AED. The entire dataset of 147 particles was further classified into eight classes based on similarity of the transporter-gold probe motifs. Individual classes were averaged and suitable portions were windowed out for figures. In addition, global averages combining comparable classes of staggered and aligned transporters, were calculated after the appropriate angular rotation of ,'~22.5 °, determined by angular correlation for each separate ease. The global averages were calculated in the staggered orientation which seems to predominate in this dataset (roughly 2:1). Finally, composite images of NPCs were recreated by adding selected transporter averages with the outer portions of a 450-particle average of NP-gold-labeled NPCs after scaling, thereby maximizing the signal of both the transporter images and the pore complex in one image. All greyscale images were photographed off of a 767 AED using Ilford Ltd. PanF film (Basildon, Essex, England).
Results
Mapping of mAb-414 Epitopes
The suitability of mAb-414 as a probe for members of the O-linked GlcNAc family of nucleoporins was examined by immunofluorescence and Western blotting techniques, using crude NPC-lamina extracts from Xenopus A6 tissue culture cells, mAb-414 stained Xenopus nuclei in the punctate fashion characteristic of NPC labeling (data not shown) and recognized a prominent 62-kD polypeptide, presumed to be the Xenopus counterpart of rat np62, as well as some minor bands on Western blots. However, the number and relative amounts of nucleoporins recognized by mAb-414 may differ in solution due to differences in the presentation of the carbohydrate-containing epitopes (6) .
Labeling studies with mAb-414 were performed by micro- Nuclei incubated with protein A-gold alone showed no labeling. We believe that this striking pattern arises from bivalent binding of the antibody to flexible epitopes, comprised in part of O-linked GlcNAcs (5, 6), on radially arrayed antigens in the transporter. Calculations suggest that the range of motion of the Fab arms can readily accommodate the circumferential distance between epitopes, located with putative eightfold symmetry in the transporter. A histogram of radial distances from ,x,100 NPCs labeled with apposed gold partides_(see Fig. 4 a), demonstrates a major peak at a radius of 100 A (SD = +30). The halfwidth of the distribution (•70 /~) is *50% narrower than that expected for the accepted length of the mAb-414 protein A-gold probe (,~150/~). This may be due to the doubly tethered complex standing up vertically over the transporter, an orientation preserved in amorphous ice. Furthermore, the relative angular position of the doublet golds in the NPCs was investigated after computer-based alignments. However, interpretation of the angular mapping data is complicated by the apparent existence of the transporter in two packing configurations within the pore complex (see section on averages) and the limited specificity of mAb-414 (6). In principle, angular mapping of individual nucleoporins is possible but must await the availability of robust monospecific antibodies and their Fabs.
Mapping the WGA Binding Sites
WGA is a probe specific for the O-linked GlcNAc family of nucleoporins in the NPC-lamina fraction of Xenopus (19, 42) . Extruded oocyte nuclei were incubated in 60-A WGAgold and examples of the resulting labeling patterns are shown in Fig. 2 , a-c. WGA labeling tends to be circularly symmetric about the center of the transporter (Fig. 2 , a and c, 1 ). The micrograph in Fig. 2 a is from an atypical area in which a percentage of NPCs showed a circular labeling at higher radii ( Fig. 2 , a and c, 2), as well as the tight labeling pattern (1) which was present in >95% of the WGA-goldlabeled specimens. A montage of Vd3A-labeled NPCs is presented in Fig. 2 c. The inset in Fig. 2 b shows a single NPC with a circular staining pattern comprised of eight to nine gold particles with a single gold particle over the center of the channel. Specimens incubated in high concentrations of WGA-gold labeled heavily over the entire transporter in a manner similar to high levels of injected N-P-gold (18) . The radial distributions of both labeling types (Fig. 2, I and 2) were analyzed and a histogram from 340 NPCs is shown in Fig. 4 b. Two peaks occur at radii of 125 and 240/~ (SD = +20) and their positions relative to the components of the NPC are indicated. Only the peak positions are significant, as the distribution is skewed toward the larger radial labeling pattern over what is routinely observed, due to the inclusion of atypical images to obtain accurate statistics for the more rarely observed binding site at higher radius. The in vitro labeling experiment works as the result of a strong affinity of WGA for the O-linked, GlcNAc-containing nucleoporins (the controls are described in Materials and Methods). Some binding of WGA-gold was also observed on NPCs at hi,'gher radii over the cytoplasmic ring, between 400 and 600 A, but was not quantitated.
Mapping NP-Goid Binding Sites
The binding of NP-gold to Xenopus laevis nuclear envelopes was investigated following microinjection of NP-gold into living oocytes. Oocyte nuclei were subsequently extruded into buffer over a period of 15-60 min and frozen hydrated specimens prepared. During the course of an experiment, the 60-A NP-gold accumulated in the nuclei as ascertained by a red stainin~ of the nucleoplasm. Larger NP-gold particles (120-150 A) showed less nucleoplasmic staining but rather more nuclear envelope staining and a similar NPC localization. Labeling of the nuclear envelopes was heavier nearer the point of microinjection as observed previously in thin sections (18) . Images of well preserved, membraneassociated NPCs with subsaturating levels of labeling were selected for analysis in order to facilitate accurate radial measurements of individual gold particles. A field of NP-goldlabeled NPCs is shown in Fig. 3 , a and b. Because the images are from frozen hydrated specimens, the NPCs have the same contrast as the gold, albeit weaker, and are dark. Fig. 3 a was recorded at a defocus which op "tunized the strong scattering from the gold, while Fig. 3 b was recorded at a defocus chosen to optimize the contrast of the more weakly scattering NPCs. Various types of labeling patterns were observed indicating the NP-gold binds to the central transporter domain of the NPC. Besides complexes in which the gold resides directly in the center, some transporters are labeled with multiple NP-gold particles, often in a ring pattern but sometimes in dense clusters. The NP-gold labeling pattern is specific for NP, as BSA-gold does not associate similarly (data not shown). After centering alignments, a radial histogram was obtained (Fig. 4 c) using a set of interactive programs written to handle the large dataset, ~1,100 measurements from 450 NPCs. The distribution consists of three peaks at radii of 50, 110, and 400-600 ~ (SD = +30). Significant labeling also occurred directly over the transporter center. The peak at 50/~ radius corresponds to instances where two gold particles were docked side-by-side over the transporter, and to cases where single particles were bound at the edge of the putative central pore. The peak at a radius of 110 ~ results mainly from transporters labeled with both single gold particles and particles arrayed in rings or arc sections whose foci are at the transporter center. The prominence of the third peak is misleading due to the bin size. This peak may correspond to weaker labeling over the spokes and cytoplasmic ring of the NPC. Interestingly, the extensive labeling obtained in vivo by microinjection could not be reproduced by incubating extruded nuclei in buffer containing NP-gold at concentrations effectively lO--20-fold higher than injected. Preliminary reconstitution experiments, in which the NP-gold and nuclei were incubated in a concentrated oocyte extract, did show occasional labeling over the transporter but no labeling at higher radii.
Double Labeling with NP-Gold and WGA-Gold
Because the radial distributions of NP-gold and WGA-gold labeling were similar, we attempted to colocalize these labels within the same NPCs. Newmeyer and Forbes (35) showed that NP-gold retains the ability to bind the cytoplasmic face of NPCs after incubation on the nuclei in WGA. NP-gold nucleoplasmin binds to receptors localized adjacent to the GlcNAc-containing nucleoporins in the transporter assembly. An interpretation of the labeling studies is given in the Discussion. However, observation of the second class of double labeling seems to indicate that the association of NP with the transporter is stable over the 5-10 min required to prepare the specimens in the absence of cross-linking.
Averages of NPCs Labeled with NP-Gold
Selected images of NP-gold-labeled NPCs were densitometered, aligned, and averaged using SPIDER, a single particle image processing program (20) . The structure of membraneassociated NPCs preserved in amorphous ice is described in the accompanying paper (2). However, the major features of the pore complex including the membrane border and the octagonally symmetric spokes are well preserved in the NPgold-labeled images. In these images (see Fig. 6, a and b) , regions of high density (protein and gold) are white. A 200-particle data set was selected from ,~20 micrographs in which single NP-gold particles were bound within "~50 A The Journal of Cell Biology, Volume 109, 1989 of the center of the transporter. After a cycle of computer alignment, some NPCs were discarded due to the presence of previously undetected double labeling or as the result of unacceptably large radial misalignments. A final dataset of 147 eighffold-averaged NPCs was then subjected to three cycles of manual classification into eight classes with similar structural motifs in the central assembly. Features of the pore complex in the various class averages were very similar (data not shown).
Two composite images are shown in Fig. 6 , a and b. The projection maps exhibit a significant difference in the distribution of protein density (Fig. 6, white areas) about the central transporter assembly. The image in Fig. 6 a shows centrally located NP-gold docked over a transporter whose structure is otherwise indistinguishable from that of unlabeled and presumably closed transporters. (C. W. Akey, unpublished data). The transporter in Fig. 6 b appears to have opened forming a region of negative (Fig. 6 b, black center  ring) density around the NP-gold. The NP-gold particles associated with the transporter have apparently been caught in the act of translocation. A montage of projection maps of the eight classes is shown in Fig. 7 . Note that in Fig. 7 only the transporter is presented, not the entire NPC. The 12 averages in Fig. 7 are presented in columns of staggered (S), aligned (A), and global averages (G) (G = S + A, after a 22.5 ° rotation of A), with alternate rows showing docked and possible "in transit" forms. A third level of classification has also been introduced with the first two rows corresponding to maps of smaller NP-gold particles over the transporter while the last two rows correspond to maps with larger NP-gold particles or unresolved aggregates. There is good agreement between transporter features of the various averages in similar configurations, as well as among the global averages. Interestingly, the radius of the apparent channel is variable and correlated to the radius of the NP-gold particle complexed with it.
Overall, the analysis revealed two structural motifs relevant to the function of the transporter assembly. First, the closed transporter with NP-gold docked at the center displays a star-like shape while the transporter with NP-gold apparently in transit displays a characteristic annulus of densities, a structure which is qualitatively different from the docked form. Second, the packing of the transporter within the pore complex appears to be polymorphic, occurring in two configurations which differ by 22.5 ° . Relative to the octagonally symmetric spokes of the pore complex, the arrangement of the morphological subunits of the transporter can be described as being either aligned (Fig. 7, A) or staggered (Fig. 7, S) . The 22.5 ° angular difference in packing may reflect both possible configurations of the transporter with respect to the two unique twofold axes which exist in the pore complex which has 822 symmetry (2, 32) .
Evidence of a phase-contrast ring, an imaging artifact associated with the diminution of low frequency components in the specimen during imaging, was not observed around the strongly scattered gold particles in the averaged maps. This may have resulted from an inherent variability in radial positioning of the gold probes over the transporter, due to the geometry of binding sites on the gold particles. Small positional errors of the gold probes with respect to the particle centers would tend to average the gold particle phase ring with the much stronger edge density from the slightly misaligned gold particles, as the centering alignments were based on the strong eightfold features of the pore complex. In addition, the observation of the weak protein density of the transporter in similar docked and in transit configurations for different sized populations of bound gold probes, when combined with the dissimilarity of the two structures, serves as an internal control and suggests that the observed changes in the transporter may be associated with transport. Calculations indicate that the angular orientation of features at the particle centers will be correct providing that a suitable defocus is used in recording the micrographs, as was done in this study (see reference 2). Finally, the selection criteria used in these experiments, the presence of a central gold probe, insured that the transporters in the chosen NPCs were well ordered. This data therefore provides initial structural evidence on the mechanism of transport through the nuclear pore. However, further structural data in two and three dimensions are needed to corroborate these observations.
Discussion
In this study, we have combined colloidal gold labeling, cryo-electron microscopy, and image analysis to map the radial positions of sites which are potentially relevant to nuclear import. The three probes used in this work have enabled us to map the positions of the following: epitopes recognized by mAb-414, which include the O-linked GlcNAc-containing nucleoporins rip62 and np175; a high affinity WGA binding site and possible site of transport inhibition; and the binding sites of NP, a transport substrate. The major binding sites of these probes occur at similar radii, between 100 and 125 A on the NPC transporter and are circularly arrayed. As shown herein and by others (15, 18, 21, 45) , NPCmediated transport appears to occur through a constriction at the level of the central spokes. Furthermore, the central transport assembly is ,~390A in diameter while WGA and NP have maximal dimensions of,,o70 and 80 A, respectively (8, 49) . Therefore, the sizes of the gold-labeled probes, including protein coats (total diameter, ~ A), are similar to the largest dimensions of the biologically active forms of the probe macromolecules; hence, the accuracy of labeling achieved in this study should give results relevant to nuclear transport in the cell.
Peripheral Binding to the NPC Transporter
The simultaneous association of karyophilic protein-colloidal gold probes with multiple sites on the cytoplasmic face of the NPC is well established (18, 35, 40) . However, in these studies the observed multiple binding sites of the gold probes could not be accurately mapped on the NPC due in part to the preparative methods used. In the present study, it is apparent that NP can bind to multiple sites on the central transporter. Furthermore, the structure of the pore complexes has been minimally perturbed as reflected by the accuracy of determination of the gold probe positions and the preservation of structural features of the NPC (2). Binding of karyophilic gold over the outermost portions of the NPC between radii of ,x4(g)-600 A has been previously shown to be signal sequence dependent and independent of ATP (35) . The apparent discrepancy in location of transportable substrate-gold complexes may be due to differences in specimen preparation or alternatively, may reflect kinetic differences in the trapping of labeled substrate. We point out that our results with WGA and mAb-414 are internally consistent and that the rapidity of specimen preparation combined with the ability to monitor the preservation of the NPCs strongly suggests that our localization methods are reliable. However, the method is clearly dependent on the stability of the NPC-probe complexes and less stable interactions may not be fully represented in our data. This does not pose a problem in the current study as we have chosen to focus on strong binding events at the center of the NPC. Moreover, our results are in agreement with the previously observed transport of NPgold through the center of the NPC (18) . As shown previously (2, 48) , the cytoplasmic rings have inner radial boundaries Of40(L450 A. Therefore, the specific labeling observed herein at a radius of'~100-125 A is likely to occur at the level of the central waist of the spoke assembly.
The nature of the peripheral binding sites on the transporter was further investigated using WGA and mAb-414 as probes for the GlcNAc-containing nucleoporins. Both of these probes indicate that there are GlcNAc-containing nucleoporins localized to the transporter; however, this does not rule out the possibility that some members of this family may have dynamic associations with the NPC. In addition, Scheer et al. (42) Taken together, the data suggest that peripheral binding to the transport assembly is an early step along the nuclear transport pathway which may be preceded by cytoplasmic transport (40) and possible substrate binding to the cytoplasmic rings (35) . Multimeric proteins such as NP and SV-40 large T antigen may increase their ability to compete for NPC binding sites by virtue of their multiple signal sequences. Tighter binding (lower Ko) of transport substrates would be expected if multiple signal sequences could be bound simultaneously by multiple receptors. Both the association of karyophilic substrates with the nuclear envelope and their rate of accumulation in nuclei are influenced by the multiplicity of signal sequences displayed by individual substrate molecules (ll, 15, 31) . We have observed both specific radial binding to the NPC transporter and nuclear import of 60-A gold particles stabilized with BSA coupled to high numbers of mutant peptides, which contain a threonine as replacement for lysine-128 in the SV-40 large T antigen signal sequence; a low multiplicity of peptides resulted in poor (2) docking of substrate over the center of the closed transporter; and (3) opening of the transporter resulting in translocation, possibly followed by a release step. The translocation step is shown schematically as a dilation of the transporter; however, the actual mechanism is not known. transport (15, 23) . Therefore, multivalent effects may play a role in the binding and translocation phases of nuclear import.
Docking
In addition to peripheral binding, NP-gold is observed to bind directly over the center of the transporter. Although not in itself surprising, as protein import through the center of the NPC was first shown by Feldherr et al. (18) , the observation of both docked complexes and probes apparently in transit (21, 45) , suggests the formation of a minimum of three distinct, centrally localized substrate-NPC complexes during transport. These include (a) substrate docking at the center of the pore complex which may be preceded by peripheral binding, (b) gating of the central assembly to accommodate substrate by an as yet undetermined mechanism, and (c) translocation of substrate through the nuclear pore coupled with release of the substrate (see Fig. 8 ). Similar pathways have been proposed (35) ; however, we provide evidence in support of distinct binding, docking, and translocation complexes at the level of the central NPC transporter. What is the relationship between binding and docking on the transporter? Peripheral binding sites may be staging or holding complexes which precede the concerted transfer of substrates across the surface of the transporter to the docking site(s). Alternatively, peripheral binding sites could represent unproductive complexes which must dissociate before docking.
We were unable to obtain either peripheral binding or docking by incubating extruded nuclei in buffer laced with NPgold. This result indicates that some necessary component, either a soluble factor or an integral component of the NPC, was lost during extrusion of nuclei. However, labeling was observed occasionally when nuclei were extruded into NPgold suspended in concentrated oocyte extracts. Recently, Adams et al (1) have identified two putative signal sequencebinding proteins which may potentially participate in the docking and translocation reactions.
Translocation
The maps presented in Figs. 6 and 7 suggest that the fundamental mechanism of NPC-mediated transport may involve the opening of a central assembly within the NPC to facilitate translocation. More than a decade ago, Bonner (4) hypothesized that large proteins might enter the nucleus by increasing the nuclear pore radius through specific interactions or alternatively, by becoming asymmetric to allow passage through a fixed pore. More recently, studies with karyophilic gold argue against the deformation hypothesis for proteins (18) . A salient feature of the triple ring model of NPC architecture proposed by Unwin and Milligan (48) is a central granule or plug whose function is unknown (21) . However, it has been postulated that the central granule may represent endogenous substrates caught in transit during specimen preparation. Centrally located channel-like features have been observed in individual NPCs and in averages of detergent-extracted NPCs (2) . In the present model, a centrally located transport assembly opens to accommodate substrates. It is not known if the putative channel is a variably gated pore through which substrates diffuse or, alternatively, a receptor-lined cylinder involved in active translocation. Hence, the translocation step depicted in Fig. 8 is meant to be schematic and does not imply a specific mechanism. We propose that the term NPC transporter be applied to this unique and dynamic assembly.
These experiments revealed two other aspects of transporter structure and function. First, the radial labeling patterns of WGA and mAb-414 suggest that accessible GlcNAccontaining nucleoporins are localized to the central assembly at some point in the transport cycle. Indeed, the nucleoporins recognized by mAb-414 may have become trapped at the transporter during the overnight incubation in vivo; however, short incubations in vitro with WGA-gold gave similar labeling patterns over all the NPCs in an image field, indicating that the GlcNAc-containing nucleoporins may be preferentially bound to the transporter. Second, labeling with mAb-414 and protein A-gold displayed unusual features consistent with the hypothesis that some members of the nucleoporin family are distributed around the transporter with eiKhtfold symmetry. In addition, WGA labeling with either 60-A gold (this work) or 100-/~ gold (42) suggests that there are four to eight binding sites on the transporter located at similar radii. This data indicates that the accessible half of the transporter may be comprised of at least eight subunits which act in concert during translocation.
The antinucleoporin antibody RL1 has been shown to inhibit NP import after microinjection into oocytes, without impeding the transit of small molecules through the pore complex (17) . One possible mechanism of inhibition may in-volve cross-linking of adjacent nucleoporins, thereby disrupting the transport sequence. Indeed, WGA may inhibit transport by this mechanism as the passive diffusion of small dextrans and nonkaryophilic proteins into the nucleus was not blocked by microinjected WGA (50). WGA is known to bind efficiently as a bivalent ligand and given its size ( 
